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chemical prooesses involving organic compounds a t  high temperatures are 
controlled larqely by the chemical and t h e  stabi l i ty  of the unsaturated 
ownpunds that are formed during the deccmposition process. 
reviews recent quantitative work deal- w i t h  these questions in the mntext 
of the thermal kinetics of reactions of such molecules i n  purely pyrolytic 
systems. It w i l l  also seek t o  hiqhlirplt same of the important uncertainties 
in the unzl- ' of the kinetics of such systems. 
w i t h  a of the present state of )olowledge on the strength of the 
bonds (bond d_l-iation energies) th?t hold an unsaturated omp.ux3 
together. m i s  w i l l  be followed by d x x u s s  ions on unimolecular reactions of 
molecules and radicals. 
processes w i l l  be amsidered. 
dissociation and km?xization. 
metathesis and radical addition to stable a m p x u d s  and radical ccsnbination 
with other radicals. o any of these processes are relatable to each other 
throw the equilibrium constants. 'Ihus the correct thermochemistry for 
reaction intermediates w i l l  be an underlying theme throughout this paper. 

l h i s  report 

'Ihe paper w i l l  beyin 

For the former, bod d k x c i a t i o n  and mlecular 
In the case of radicals, interest is on 

BimOlecular prooesses to be covered include 

Bond mies 

The addition of unsaturation to an alkane leads to drastic changes in  
the strength of the bonds in the molecule. W,qenera l  situation in  texms 
of a w of typical cases is SUrrnnariM in ~igure 11-4. It can be seen 
that the bonds inrmadiately adjacent to the site of unsatmation are 
strengthened, while those beta to that site are weakened. nus the snallest 
unsaturates such as ethylene & acetylene, i n  tenrs of bond breaking 
thrxxqh uninolecular deccsnposition, are r e n l e r e d  more  stable. 

ini t ia t ion reaction i n  ccwparison to radical induced decomposition PKCSSES 
under the conditions of mmt practical systms. 
unsaturation leads to destabilization. 
the resonance ene~gy of the new radicals that are formed. 

mere are still considerable uncertainties on the exact values of the 
bond energies given atme. 
temperature applications, since the dependence on the activation energies 
decrease with temperature. It is however less satisfactory i n  cases where 
accurate branching rat ios  are required. 
subsequent discussion, there is l~lw goal capbi l i ty  for  extraplat ion and 
interpolation. Predictions can still be subject to  larqe error;. 

Indeed, for 
these ccsrrpounds, UniImleallar bond cleavage is probably not an inpartant 

For larger F i e s ,  
l h is  is a direct  manifestation of 

This m y  not be too serious for many hiqh 

As w i l l  be surmised f m  the 
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u n i m o l d a r  Decconpmition 

Table 1 con ta ins  rate exyessions for bond b r e i k w  p-ses %Olvw 
olef-2, arcoMtics4, al- ~ n d  a representative alkane2. the 
reactions of the unsaturated aompourds lead t o  the f o m t i o n  of resomce 
stabilized radicals an3 represent important discciat ion channels. 
be seen that the differences i n  the activation energy from the alkane tan be 
aOcOunted quite accurately by the resonance enen3y. 
consistent decrease i n  the A-factor for  the deccsnposition of the unsaturated 
oompounds. 
structure of the resonance s tabi l ized radical in cconparison to that of the 
alkyl radicals formed during the deccrmpcsition of the alkanes. 
particular interest are the three dienes, 1,7-oCtadiene6, 1-7 Octadiyne' and 
1,5 heWdiene8n6. 
m i o n  that substitution qamm to the bond being broken w i l l  have 
negligible e f f e d s .  
for 1,6octdiyne. 
the a l ly l  wmbination pmoess. 
d l e r  than what would have teen expectd on the basis of the general 
trends, the discrepancies are not p a r t i d a r l y  large. 
expression for  an alkane it is quite straightfommd to derive a similar 
expression for  an unsaturated ccwpaurd. 

T h e  resulting rate  expressions leads to rate constants that are 
consistently larger than that for  the omprable alkanes. 
especially t rue at the k w e r  temperatures where the activation energies have 
1arge.r effects on the rate  constants. 
unsaturated a4npounds can also deccsrrpose tiuu+ a mlecular "retro-ene" 
channel. T h i s  involves passage thrcqh a six centered transition state?. 
Some eqxrimentally detennined rate expressions can be found i n  Table 3.i 
Figure 2 c o n t a i n s  Arrhenius p la t s  f o r  deaanposition of 1-hexene and 1-hexyne 
throw bond beakmg an3 retro-ene channels. ?he larger rate constants for 
C-C bord cleavage in 1-hexene omp1-4 to that for I-hexyne are entirely due 
to the change in the reso~nce emqy of the t w o  radicals formed during 
decwp>ssition. H a e v e r ,  the order- is r e v e r s e d  for the mlecvlar 
deccnrpcsition channel. . F'rcpn purely gecpnetric considerations one would have 
thaqbt that the preference knaild have been f o r  I-hexene since the 120° C=c- 
C bond -le in this axqcurd should have resulted in less strain in the 
transition state than the linear GC-C structure in 1-hexyne. 
co~eqll~ce is that the molecular process is mre l i k e l y  to be iqmrtant for  
the deccnnposition of the latter. 
retro-ae process appears to be much less important. 
been -&le t o  detect any contribution fmm this source i n  the 
deccollposition of n-~entylbenzene~. In general, molecular  channels becomes 
a b l y  important w i t h  greater ursaturation. 
d e s  of 1 , 5  hexadiyne decconposition is to benzene ard N~ene~,~. 

It can 

?here is also a 

It is possible t o  accOunt for this by the more "tiqhtened" 

Of 

I n  the first case, the renilts are consistent w i t h  the 

There is a factor  of 2 divergence fmm th is  correlation 
'lbe data for  1,5 hexadiem are derived from the results on 

Rlthougb the A-factor appdrs  to  be sl ight ly  

!FILE given the rate  

?his is 

Unlike the alkanes, the larger 
' 

?he 

I n t e ~ & i n g l y ,  for the alkylbenzenes the 
A t  1100 K it has not 

%us, the predominant 

where there are no c-C bonds for  which cleavage leads t o  resonance 
stabilized radimls, then the  w e a k e s t  bonds are the resonance destabilized 
C-H bords. 
n d r s  for C-C bod cleavage in alkanes. 

cleavage. 
toluene where there the breaking of the C-C bond next t o  the s i t e  of 

This hwever only m e s  these values to the upper end of the 

break can be e q z e c t 4  to be scanewhat smller than that for c-c bond 
m e n w r e ,  the A-factor for C-H 

An interesting situation arises for compounds such as propene and 
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unsaturation may become conp&itive w i t h  that for C-H brd cleavage. 
case of toluene the v i m e n t a 1  data are contrwersia1l0-l1. 
is made mre uncertain by the fac t  that a t  the high temperatures require3 
for these decaqxsitions, the reactions are into the pressure dependent 
region. 
expressions but also the energy excharqe mter. 
the data pertaining to propene d w i t i o n  have been published recently12. 

In  the 
The situation 

?bus it is not only necessary to have accurate high pressure ra te  
A satisfactory f i t  of 

?he s tab i l i ty  of the a l l  unsaturated ompm3.s also brinSs into play 
the pmsibil i ty of other d e s  of deasnposition. 
ethylene13, there is considerable evidence for a reaction channel involving 
vinylidine. 
analcy01.1~ pro0essl4. 
have 
the case of benzene hwever, c-H bod cleavage appears to be the predominant 
d e c y o s i t i o n  d e  d e r  comiitionsl6. mther initiation process that 
1s wque to unsaturated e is the possibility of radical formtion 
thrcqh bimolecular readion or the rev- of radical disproprtionation 
-cti0nsl7. Rate expressions for these pnxpsses can be readily derived 
thrcqh the equilibrium constant and w e l l  established rate constants for the 
latter on the asslrmption that the temperature dependence of the 
dispnqxxtiomtion process is -11. 

'Ihus in  the case of 

For butadiene decmpsi t ion the data is suggestive of an 

interpreted i n  terrrs of the direct formation of htadienel5.  
In the case of cis-butene-2 the deampxition data 

In 

"here are very l i t t le data on the kinetics of the deccwposition of 
urrsaturated radicals. 
pressure rate expression on the basis of the reverse reaction and the 
thfxmdymn '=I3. 
conditions the prmxss is w e l l  into the fall-off region. 
necessary t o  determine a collision efficiency. Unfortunately, the lower 
temperature measurerents on the pressure dependence cannot be f i t t ed  within 
the framework of RRKM theory. 
behavior very uncertain. 
radical is not cmpletely clearla. 
system deasnposition may not be an hprtant destruction channel. 
probably the case for p-1. 
of a l ly l  radical to fonn allene and hydrqm a h 5  have recently been 
detemind. 
for the rev- reaction is 5~lO~~e%p(-295OO/T)s-~. 
w i t h  a  rat^ exp-ion of 4x1013exp(-19000/T)s-119 for the canparable 
d-ition of i q r u p y l  radical. mere is thus over 20 kcal/mol 
&fference in activation energy and is in fact mu& larger than the 
difference in that for C-H bonds in ethylene and ethane. on a per hydrogen 
basis the A-factor is sawwhat larger and is consistent w i t h  the "stiffer" 
a l ly l  as amvared to alkyl radicals. 
reaction of h y m e n  w i t h  butadiene it is possible to derive +e rate 
expression 4~lO~~exp(-242OO/T)s-~. 
enefvy is alnKst N l y  expressed i n  the activation energy of the decomposing 
species. 
bod ard a beta C-H b rd  that is also a l ly l ic .  
bond cleavage is always the preferred deasnposition d e .  There is need for 
data on this and related unsaturated systerm such a htadienyl.  
branching r a t io  for C-C ard C-H bond cleavage have inprtant consequences on 
d e l s  for the building of the larger unsaturated structures dur- 
h-n demmposition. 

For the vinyl radical, one can calculate a hi@ 

However, under practically all hi@ temperature 
'Ihus it is 

' 
This leaves predictions of high temperature 

n e y  may be so stable that i n  most 
The situation w i t h  respect to phenyl and benzyl 

This is 
me rate --ion for the d-ition 

Ihe rate exp-ion consistent w i t h  the la.- t e n p r a b  rates 
This can be CQnPared 

In  the case of buteneyl-2, from the 

It would appear that the resonance 

&Jtenyl-3 contains a beta C-C bond that is adjacent t o  the double 
For alkyl radicals beta c-c 

The 
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Iiuyer -1 radicals can r e a d i l y  isanerize thmqh h-en migration. 
Transfer between the 1,4 and 1,5 appear to be more  facile than the 1,2 and 
1,3 reactions. 
Similar pro3wes  can cu=ur for the ursiturated counterparts. I n  addition 
the latter an also cyclize. 
cyclopentyl r ad i~a l5 .  
For such processes. 
kcal/ml range and A-factor should reflect a “tiqht” transition state. 
leads to major uncertainties in the nature of the breakdm prcduds of the 
laryer unsaturated molecules and is an important barrier in tracing the 
breakdawn pathways of hydxwarbns in hi@ t€qx?mture Systens. 

A t  1100 K contributions from the latter have been noted. 

Thus 4-pentenyl-1 can cyclize to form the 
mere are large uncertainties i n  the rate expressions 

Activation energies are e x p z t d  to be lw or in  the 20 
This 

For hirpl tmprature unimolecular prazsses, it is “ce5sazy to consider 
a t  all times the effect of fall-off.  
f i t t ed  w i t h i n  the framework of RRXM calculations. 
mentioned earlier is probably the only exception. 
making correct predictions are a-te high pressure rate expressions and 
the average energy transferred per collision aK1. is particularly important 
for the estimation of branching ratios. 
propene d y i t i o n .  Low activation energy deccanposition processes may 
have adchtional aaplications a t  high tenperatures since a steady state 
distribution may not be achieved. rims the d a x i a x d  t r e a e  is not 
adqgte and the solution of nowsteady state master equatian is required. 
prosranS 9 carry out such calculations are ncm beginning to appar. 
w o u l d b e e  ing to test such procedures with careful experiments. 

~n general, exist- &ta can be 
“he pmblem w i t h  vinyl 
?he requirements for 

ibis has ken discllssed earlier for 

It 

Radical Attack 

The w e a k n e s s  of the a l ly l i c  and benzylic C-H bonds leads MtUrally to  
the assmption that rate constants for  abstraction precesses resulting i n  
the formation of resonance stabilized species w i l l  be vastly enhanced over 
that for auCyl radicals. 
Figures 2 and 3 where the aanparison is for the abstraction of benzylic and 

propane. 
being broken i f  directly manifested in the activation energy would have led 
t o  diff- of 2 orders of magnib% a t  1100 K and 4 o m  of magnitude 
a t  550 K. 
the rate wndants on a per hylrcqen basis are ommmsunte w i t h  that frcan 
an seccahry hydryen. 
a per hydrosen b a s s  are only a factnr of 2 larger than that for the nom1 
hydngcms and not even as large as that fo r  a secondary h-en. 
be recalled that the difference in bcod energies between primary an3 
secondazy hydrcgens in alkanes is about 2 kcal/mol.  
consistent w i t h  a transition state that is similar to the reactants and 
contrasts w i t h  the situation for unimolecular deccsnposition where the 
resonarxz eneqy is fully manifested. 
re la t ive  constancy in the rate constant for the abstraction of benzylic and 
a l l y l i c  hydrogens. 
prediction of abstraction rate constants for other reactions that lead t o  
reso~noe stabilized prcducts. 

?his is not the case and is denonstrated i n  

a l l y l i c  hydrogers by hyaZrgen and methyl and the . -, 
It w i l l  be noted that the 10-11 kcal/mol difference i n  the bord 

Instead, in the case of abstraction by methyl it is aFparent that 

For abstraction by hydrosen atws,  rate constants on 

I t  w i l l  

mess results are 

consistent with the f o m r  is the 

mese observations also can -e as a basis for 

Through detailed balance one can then calculate the rate constant for 
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abstraction by r e s o m  stabilized species. 
destabilization of the bond this is an enlothermic procw- Since this is 
not made up by a faster abstraction rate mnstant in the folward direction, 
abstraction by resonance stabilized radicals must be suite slow. The 
o o m e n c e  is that such species can cause chain termura tion thmu@ 
mmbination with other radical procwes present in the system. 

b e  to the resonance 

In the case of a vinylic C-H bond, the increase in bond strerqth 
appzars to be manifested in the form of a smaller rate constant for the 
abstraction procw. 
for methyl abstraction20 of a vinylic hydrcgen f m  ethylene can be Conpared 
with the molecules discussed earlier. There are virtually no other reliable 
data on the rate wnstants of abstraction by vinylic or phenyl radicals. 
since such pnxzsses are all mre exothenhic than ampxakile procwes by 
methyl, it is very tempting to use the results from mthyl as a lower lmit. 

'Ihis can be seen in Figure 3, kh?re the recent data 

Radicals can add to a site of unsaturation. 
a reaction that has no effect. For -le terminal addition of H-atcon to 
propene will lead to the formation of isapropyl radical w h i c h  will readily 
go back to propene in hi* temperature systens. Terrmnal ' addition is the , 
okserved addition d e  at ram temperature. It has m t l y  been found that 
the preference for terminal addition is minly an enthalpic effect and is 
related to the stability of the radical that is formed21. 
temperatureis- mn-- ' additionbeamesincreasingly 
h!portant. N o n - t e n n i ~ l  addition by hydmqen to a ccmpxmd such as prcpene 
will lead to the formation of n-p-1 radical which will dcxoqxse to form 
propene and M y l .  %e effect is that of a displaoement reaction. Should 
the general trerd hold then terminal addition to butadiene will be 
overwhelmingly favored and the incfuced decmpsition by hydrxgen atom to 
form vinyl and ethylene cannot be an inprtant process. Addition p-ses, 
even at the non-termina 1 position have lower activation energies than the 
competitive abstraction precesses. The A-factors are however lower. It is 
thus hprtant at' lmer t e n p n t u r e s .  Figure 4 SWmElrizes data on hydrqen 
attack on isotertene and tOl~ene~*-~~. It is clear that h m e n  addition to 
the olefin is favored over that for the amwatic. 
these prcceses is to remove the side chains f m  the unsaturated structure. 

ResoMnce stabilization renders organic r a d i d s  mch less thermally 
and chanically rective. 
concmtrations will he mud larqer. Reaction with itself and other organic 
radicals will then beccBne important. 'Ihe rate constants for such process 
are not M different than that of the non-msom stabilized species. 
'Ihw radicals will also a d  to u17satuTatod cmpurds. 
is increased the reaction will be reversed. 'Ihe newly formed radical can 
also iscPnerize or cyclize. 
involving l m  activation energy prooess. 
recent work involving vinyl and phenyl addition to 
case for the - stabilized case these m y  be reversible. 
Alternatively the addition m y  be followed by ejection of a fraqent of the 
original rrolde. %e results must then be treated in tenm of a chemical 
activation precess. 
vimenta1 results are really a combination of several elementary single 
step p r o c e s s e ~ .  
extrapolations and predictions m y  be unreliable. 

In m y  instances this is 

as the 

Ihe overall effed of 

'Ihus it is expztd that their steady state 

AS the temperature 

AS a result one has a chenical activation system 

AS in the 
T h e  has been considerable 

Such treatment is handicapped by the fact that the 

Without the rate expressions for the true elementary steps 
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Table 1: Rate expressions for various bond breaking p-ses(1100K). 

k(hexene-1->allyl+pmpyl) -> 8 x 1 3  -35600/~)s- l  
' k(hexyne-l->propargyl+npmpyl) -> 8 ~ 3 ~ e ~ ~ ~ ( - 3 6 3 0 O p )  

k(h- -> 2p-1) --> 2 .  5x1Ol6 (-41000/T) s-l 

k ( l , 7 ~ ~ e n e - > 4 - p e n t e n y l + a l l y i ) = i . 2 ~ 1 0  35700/T) 
k(l,70ctadiyne->4-pentynyl+p ~ l ) = 1 . 6 ~ ~ ~ ~ ( - 3 5 7 6 O / T ) s - l  
k(l,5hexadiene->2 allyl)=7xiO1 exp( 2 9 5 0 0 / T ) ~ - ~  

k (  1-ph~yl-l-~tene->3-ph~yl-Z-pr0penyl+ethyl) = 3 ~ 1 0 ~ ~ e x p  (-338OO/T) s-' 
k(n-pentyIi==ene->benzyl+nbutyl) =1x1016exp ( - 3 6 5 0 0 ~ )  
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Table 2. 
into molecular entities 

k(hexene-l->2propene)=4~10~~exp(-28900/T) s - ~  
k( 1,7-oCtadiene->l, 4 ,pentadienet ropene) 3X10l2 
k (l-hexyne->allenetpropene) =SxlOp2q(-g4O0/T) 3 
k( 6-methylhePtyne-2->lI 2butadiene+isohutene) = 2 ~ 1 O ~ ~ € X p  (-28700/T) S-’ 
k(l,70ctadiyne->allen~~t-l-4-yne)=5.6~lO~~exp(-2786O/T) S-l 

Rate expressions for the dampsition of unsaturated 

(-279OO/T) s-l 

Figure 1. Typical 
mnd Dissociation 
Energies for alkanes, 
d k Y M - ,  
auwesandal)cynes. 

1005  88 86 86 

H H 

C = C ’8 CH -j- CH- CH3 
H ’  74.5 

Figure 2. Rate 4 ,  

constants for 
1-hexene and 
1-heXyne 
decanpcsition 
thr-3h- 

retro-ene 
reactions. 

breaking and 

1 -hexene.rnoleculor 

1.01 0.800 0 850 0.900 0.950 
1 0 0 0 / T ( K )  
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Figure 3. Rate 13 

isopropyl  r a d i c a l s .  
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J 
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Figure 4.  Rate 
corstants for 
abstraction of 
hydrcgen by methyl 
leading to benzyl, 
al lyl ,  vinyl, 
isopropyl a d  
n-propyl radicals.  
[per hydmsen 
baSlS] 

I CH3+propane=isopropyl+CHq 
4, 
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i000/T(K) 

13.000 Fiqure 5. R a t e  I ---__ ,abstraction. isobutene 00IlStants for 
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attack on 
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